Signal transduction and activator of transcription (STAT) proteins are extracellular ligand-responsive transcription factors that mediate cell proliferation, apoptosis, differentiation, development and the immune response. Aberrant signals of STAT induce uncontrolled cell proliferation and apoptosis resistance and are strongly involved in cancer. STAT has been identified as a promising target for antitumor drugs, but to date most trials have not been successful. Here, we demonstrated that a novel STAT inhibitor, OPB-31121, strongly inhibited STAT3 and STAT5 phosphorylation without upstream kinase inhibition, and induced significant growth inhibition in various hematopoietic malignant cells. Investigation of various cell lines suggested that OPB-31121 is particularly effective against multiple myeloma, Burkitt lymphoma and leukemia harboring BCR-ABL, FLT3/ITD and JAK2 V617F, oncokinases with their oncogenicities dependent on STAT3/5. Using an immunodeficient mouse transplantation system, we showed the significant antitumor effect of OPB-31121 against primary human leukemia cells harboring these aberrant kinases and its safety for normal human cord blood cells. Finally, we demonstrated a model to overcome drug resistance to upstream kinase inhibitors with a STAT inhibitor. These results suggested that OPB-31121 is a promising antitumor drug. Phase I trials have been performed in Korea and Hong Kong, and a phase I/II trial is underway in Japan.
INTRODUCTION
Signal transduction and activator of transcription (STAT) proteins are extracellular ligand-responsive transcription factors that mediate a wide range of biological processes such as cell proliferation, apoptosis, differentiation, development and the immune response.
1,2 Stimulation with cytokines or growth factors results in the tyrosine phosphorylation of STAT proteins via the activation of upstream tyrosine kinases such as JAK family kinases (JFKs) and Src family kinases (SFKs). 3 Activated STAT proteins translocate to the nucleus and regulate gene expression through direct binding to the promoters of responsive genes. 4, 5 Out of 7 STAT family members, STAT3 and STAT5 are widely recognized as being master regulators of the cellular functions that lead to the cancer phenotype. Constitutive STAT3 activation is required for oncogenic transformation by oncokinases such as v-Src, 6, 7 v-Eyk 8 and v-Ros. 9 In addition, constitutive STAT3 activation is associated with transformation by tumor viruses, including HTLV-1 10 and EBV. 11 Constitutive activation of STAT5 is essential for oncogenesis by the v-Abl tyrosine kinase, 12, 13 BCR-ABL fusion protein, [14] [15] [16] FLT3 with internal tandem duplication (FLT3/ITD) 17, 18 and JAK2 V617F mutation. 19 Moreover, a constitutive activation mutant of STAT3 or STAT5 alone is enough to induce oncogenic transformation. 20, 21 These results indicate that STAT3 and STAT5 have intrinsic oncogenic potential and are strongly associated with cancer development.
Considering the strong association of STAT signaling with cancer development and the observed constitutive activation of STAT3/5 in various cancers, STAT3/5 have been identified as promising targets for antitumor drugs; however, to date most trials to block STAT signaling have not been fully successful. 22 Many trials aimed to inhibit upstream kinases such as JAK2; however, specific JAK2 inhibition was overcome by alternative activation of other JFKs. 23 Several JFK inhibitors are under development, but no significant clinical effect has been achieved. Other approaches that directly inhibit STAT function, such as STAT dimerization inhibitors and STAT phosphorylation inhibitors, are under development, but none has undergone a clinical trial yet.
Here, we demonstrated that a novel STAT3 inhibitor, OPB-31121, strongly inhibited not only STAT3 but also STAT5 phosphorylation. OPB-31121 did not inhibit activities of kinases including JFKs and SFKs and its exact mechanism of action is under investigation; however, it induced significant growth inhibition in a wide range of hematopoietic malignant cells. Investigation among various cell lines indicated that this compound was particularly effective against multiple myeloma and Burkitt lymphoma, and leukemia harboring BCR-ABL, FLT3/ ITD and JAK2 V617F, oncogenic kinases with their oncogenicities dependent on STAT3/5. Using an immunodeficient mouse transplantation system, we also showed the significant antitumor effect of this compound against primary human leukemia cells harboring these aberrant kinases and its safety for normal human cord blood cells. Finally, we demonstrated a model to overcome drug resistance to upstream kinase inhibitors with a STAT inhibitor. These results suggested that OPB-31121 is a promising antitumor drug. Phase I trials have been performed in Korea (NCT00955812) and Hong Kong (NCT00511082), and a phase I/II trial is underway in Japan (NCT1406574).
MATERIALS AND METHODS

Cells and reagents
TCC-Y/sr was described previously. 24 OCI-Ly1, OCI-Ly3, OCI-Ly7 and OCI-Ly10 were kind gifts from Dr K Takeyama (Dana-Farber Cancer Institute, MA, USA) and were cultured in Iscove's modified Dulbecco's medium supplemented with 20% fetal bovine serum. Other cells were purchased from the American Type of Culture Collection (ATCC, Rockville, MD, USA) and cultured according to the recommendation of ATCC. Sunitinib was purchased from Wako Chemicals (Osaka, Japan). OPB-31121 was described previously 25 and provided by Otsuka Pharmaceuticals Co. Ltd. (Tokushima, Japan).
Antibodies
The following antibodies were purchased from Cell Signaling Inc. (Beverly, MA, USA): anti-phospho-STAT5 (Y694) antibody, anti-phospho-JAK2 antibody, anti-phospho-Src antibody, anti-phospho-Akt antibody, antiphospho-MAPK p44/p42 antibody, anti-phospho-NFkB antibody, anti-STAT3 antibody, anti-STAT5 antibody, anti-JAK2 antibody, anti-Src antibody and anti-IKBa antibody. Anti-phospho-STAT3 (Y705) antibody was obtained from EPIT MICS (Burlingame, CA, USA). Anti-human CD45 antibody and anti-mouse CD45 antibody were from Becton Dickinson (San Jose, CA, USA).
Cell proliferation assay
Cell proliferation was analyzed by the MTT assay using Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan) or TetraColor One (Seikagaku Co., Tokyo, Japan) according to the manufacturer's instructions.
Immunohistochemistry, immunoblotting, immunofluorescence and flow cytometry These were performed as described previously. 26, 27 Subcutaneous xenotransplantation of cell lines into SCID mice This was performed as described previously 28 except that 8-week-old male SCID mice purchased from Clea Japan (Tokyo, Japan) were used. Tumor size was monitored twice a week. Tumor volume was calculated using the following formula: Tumor volume (mm 3 and STAT5 in those cell lines; however, the exact mechanism of action is yet to be clarified. 25 In the phase I study performed in Korea, 21 patients with advanced solid tumor were enrolled. The most common toxicities were nausea, vomiting, diarrhea, fatigue and anorexia. Those were predominantly grade 1 or grade 2. 29 We first analyzed the signal transduction pathway inhibited by OPB-31121. Four major growth signal components, STAT3, ERK1/2, Akt and NFk-B, were analyzed. Among them, tyrosine phosphorylation of STAT3 was selectively inhibited by this compound (Figure 1a Observed inhibition of nuclear translocation seemed to be the consequence of the inhibition of STAT3 phosphorylation by this compound.
Next, we examined whether OPB-31121 inhibited the upstream kinases of STAT. In Hep G2 cells, JAK2 phosphorylation was induced by IL-6 stimulation and was not inhibited by this compound, whereas STAT3 phosphorylation was strongly inhibited ( Figure 2a) . In HEL cells with active mutation of JAK2, phosphorylation of STAT3 and STAT5 was inhibited at early time points when JAK2 phosphorylation was not inhibited, although phosphorylated JAK2 was reduced 24 h after OPB-31121 administration, probably due to cell death-related degradation of JAK2 (Figure 2b) . In H1650 cells, where mutated epidermal growth factor receptor (EGFR) constitutively activated STAT3 via SFKs, this compound reduced STAT3 phosphorylation without reduction of SFK phosphorylation, indicating that this compound could inhibit STAT3 phosphorylation independently of the type of upstream kinases ( Figure 2c ). These results strongly suggested that this compound was not an inhibitor of upstream kinases such as JFKs and SFKs. Consistent with this, in vitro screening of kinase inhibitory activity demonstrated that this compound had almost no kinase inhibitory activity against any of the 31 kinases examined (Supplementary Table S1 ). To further investigate whether STAT was directly inhibited by this compound, we set up in vitro kination assays using STAT3 immunoprecipitated from cells as a substrate and recombinant JAK2 or Lyn as a kinase, and examined whether this compound could inhibit STAT3 phosphorylation in vitro; however, this compound did not inhibit STAT3 phosphorylation in vitro, suggesting that another cellular protein was required for this compound to inhibit STAT phosphorylation (Supplementary Figure S1 ).
OPB-31121 had a strong growth inhibitory effect against a wide range of hematopoietic malignant cells We next investigated the effect of OPB-31121 on the cell growth of various hematopoietic cell lines. Among 35 hematopoietic cell lines, IC 50 of OPB-31121 was p10 nM in 20 cell lines (57%), but 4100 nM in 8 cell lines (23%, Table 1 ). Multiple myeloma, Burkitt's lymphoma and chronic myeloid leukemia (CML) seemed to be generally sensitive to this compound. Concerning to other leukemias and lymphomas, all disease types contained both sensitive and insensitive cell lines. Sensitivity to this compound was independent of the strength of STAT3/5 phosphorylation detected by immunoblotting (data not shown); however, looking at gene aberrations, leukemia cells harboring gene aberrations such as BCR-ABL, FLT3/ITD and JAK2 V617F were all sensitive to this compound (Table 2) . It has been established that these three mutated kinases are oncokinases and cause constitutive activation of STAT3 and/or STAT5, and that the oncogenicities of these kinases depend on STAT3/5 signal. 17, 30, 31 We designated these oncokinases as STAT-addictive oncokinases (SAO).
We further investigated the growth inhibitory effect of OPB-31121 against tumors of cell lines inoculated into SCID mice. Orally administered OPB-31121 suppressed the tumor growth of HEL cells significantly in mice, and consistently, STAT3 phosphorylation was strongly inhibited in the tumors (Figures 3a and b) . We further examined using OPB-31121-sensitive cell lines containing myeloma and SAO-positive leukemia cell lines. OPB-31121 demonstrated significant tumor growth suppression or even regression in mice inoculated with these cell lines (Figure 3c ). These results indicated that this compound was effective against myeloma and SAO-positive leukemia in vivo.
OPB-31121 caused strong growth inhibition of primary SAOpositive leukemia cells but did not affect the growth of normal cord blood cells in mice For further analyses, we used a primary leukemia cell xenotransplantation system in which primary human leukemia cells were maintained by serial transplantation into NOG mice. In this system, we could test the drug effect on primary leukemia cells, whose phenotype and heterogeneity mainly maintained their original status. 27 Oral administration of OPB-31121 induced significant reduction of the leukemia cell rate in mice transplanted with primary acute myeloid leukemia cells with FLT3/ITD, whereas cytarabine treatment hardly affected it. The treated group/control group (T/C) tumor cell rate were 15.9 and 102.1%, respectively (Figure 4a) . Analyzing in detail, cytarabine reduced the number of both human leukemia cells and mouse normal hematopoietic cells, so the rate of leukemia cells did not change by this treatment. On the other hand, OPB-31121 treatment induced selective leukemia cell reduction and the recovery of mouse hematopoietic cells (Figure 4b ). These could be clearly observed by immunohistochemistry of bone marrow (Figure 4c ). Representative images of flow cytometric analysis of the leukemia cell rate and larger images of the immunohistochemistry of bone marrow are shown in Supplementary Figure S2A and B.
We examined the effect of this compound on other primary leukemia cells. This compound induced significant reduction of the leukemia cell rate of another FLT3/ITD-positive AML (T/C: 26.3%), three BCR-ABL -positive ALL (T/C: 4-58%) and one CML blast crisis (BC) with T315I mutation in BCR-ABL (T/C: 87%, Figure 4g ). The effect of OPB-31121 on the CML BC sample was relatively weak, when drug administration was started after leukemia engraftment; however, starting administration earlier, this compound showed stronger tumor growth inhibition (T/C: 15.3%, Figure 4g ) and a significant survival benefit (Figure 4d ). These results further confirmed the effectiveness of this compound on SAO-positive leukemia and suggested that the growth inhibitory effect of this compound was selective to tumor cells. Abbreviations: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; BL, Burkitt's lymphoma; CML, chronic myeloid leukemia; DLBCL, diffuse large B cell lymphoma; MM, multiple myeloma.
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To further confirm the safety of this compound for normal hematopoiesis, we performed colony formation assay using CD34 þ human cord blood cells. OPB-31121 did not significantly affect the number and composition of colonies (Supplementary Figure S3A) Figure  S3B) . These results indicated the safety of this compound for normal hematopoiesis. Taken together, OPB-31121 is a promising antitumor drug for Burkitt's lymphoma, multiple myeloma and SAO-positive leukemia.
OPB-31121 overcame autocrine-induced FLT3 inhibitor resistance by STAT signal inhibition T315I mutation in BCR-ABL causes strong ABL kinase inhibitor resistance in cells. OPB-31121 conquered this mutation-induced kinase inhibitor resistance in TCC-Y/sr cells ( Table 2 and Figure 3c ) and primary CML cells (Figures 4d and g) ; therefore, we tried to see whether OPB-31121 overcame another type of kinase inhibitor resistance by inhibition of the downstream signal. According to the previous report, a FLT3 inhibitor-resistant subclone of MV4-11, the FLT3/ITD-positive AML cell line, expressed FLT3 ligand. This autocrine signaling enhanced not only STAT5 phosphorylation but also STAT3 phosphorylation. Additional STAT3 phosphorylation seemed to have an important role in FLT3 inhibitor resistance. 32 We therefore examined whether OPB-31121 overcame FLT3 ligand-induced FLT3 inhibitor resistance. Consistent with the previous report, under culture with FLT3 ligand, STAT3 phosphorylation became resistant to sunitinib in MOLM13 cells, 
DISCUSSION
Constitutive activation of STAT3 and STAT5 has been reported in various cancers and the inhibition of STAT signaling has been thought to be a promising strategy for cancer therapy. [33] [34] [35] Many trials using several approaches, such as small molecules including upstream kinase inhibitors, STAT dimerization inhibitors, and STAT phosphorylation inhibitors, neutralizing antibody against upstream receptors and ligands, and decoy oligonucleotides, have been performed; however, very few of them demonstrated an in vivo effect in mouse models and none has undergone clinical trials, except upstream kinase inhibitors such as JAK inhibitors. 22 To the best of our knowledge, OPB-31121 is the first STAT inhibitor to undergo phase I trials.
The mechanism of action of OPB-31121 has not been fully revealed. This compound did not have kinase inhibitory activity against any kinase (Supplementary Table S1 ) and inhibited STAT3 and STAT5 phosphorylation without inhibition of JAK2 and SFKs (Figures 2a-c) . This compound did not inhibit nuclear translocation of STAT3 after it was phosphorylated (Figure 1c ) and did not disrupt the dimerization of STAT3 (data not shown). In addition, this compound did not induced the protein expression of JAK-STAT pathway negative regulators such as suppressor or cytokine signaling (SOCS)3, protein inhibitor of activated Stats (PIAS)4 and LNK (data not shown). These data indicated that this compound did not inhibit the phosphorylation of upstream kinases but inhibited STAT phosphorylation, most likely by inhibiting the association of STAT with JAK or cytokine receptors; however, this ), primary FLT3/ITD-positive human AML cells, were intravenously transplanted into NOG mice. On day 29, the rate of human leukemia cells in femoral bone marrow of the pretreatment mice was measured by flow cytometry using antihuman CD45 antibody, and daily oral administration of 5% gum arabic or OPB-31121 (200 mg/kg) for 10 days was started. On day 32, daily intraperitoneal injection of cytarabine (400 mg/kg) for 7 days was started. On day 38, bone marrow cells were collected from one femur and the other femur was fixed and subjected to immunohistochemistry with anti-human CD45 antibody. The rate of human leukemia cells in bone marrow was analyzed as above. ) were transplanted, treated and analyzed as described above except that mice were irradiated (2.5 Gy) the day before transplantation and that OPB-31121 and gum arabic were administered daily from days 50-59. The average human cell rate of two mice was plotted on the bar chart with standard deviation. (f) Immunohistochemistry of bone marrow of mice transplanted with cord blood cells were performed as in (c). (g) Summary of OPB-31121 effect on primary leukemia and normal hematopoietic cells.
compound could not inhibit STAT3 phosphorylation by JAK2 and Lyn in vitro, suggesting that another cellular protein was required for this compound to inhibit STAT phosphorylation. This compound may indirectly bind to STAT through an unknown protein that interacts with STAT and disrupts the association of STAT with upstream kinases or receptors. We are now searching for the components of STAT complex that interact with this compound. Very recently, another group reported a decrease in the phosphorylation of STAT3 and JAK2 24 or 48 h after treatment with this compound in gastric cancer cell lines, and claimed that this compound was a JAK2 inhibitor; 25 however, we clearly demonstrated that the decrease in STAT3 phosphorylation occurred much earlier, within 2 h after treatment with this compound, and before the decrease in JAK2 and c-Src phosphorylation (Figures 2b and c) . At 24 h after treatment, we also observed a decrease in JAK2 phosphorylation, probably due to the cell death response (Figure 2b) . A similar phenomenon might have been observed in gastric cancer cell lines.
The sensitivity of cell lines to OPB-31121 varied markedly and was independent of the phosphorylation level of STAT (Table 1 and data not shown). This was probably because the survival dependency on STAT signaling varied among cell lines and was independent of the STAT phosphorylation level; therefore, it was difficult to predict OPB-31121-sensitive cells from the phosphorylation level of STAT. On the other hand, it is reasonable to predict a cancer to be addictive to STAT signaling, when the cancer gets addicted to an oncokinase, and the survival supporting activity of the oncokinase depend on STAT signaling. It is also difficult to clarify whether a mutated kinase observed in a cancer is really responsible for cancer cell survival through STAT signaling, but numerous past studies have proved it in some oncokinaes such as SAO (BCR-ABL, FLT3/ITD and JAK2 V617F). 17, 30, 31 Therefore, we selected SAO-positive leukemia cells as the target of OPB-31121. Strikingly, SAO-positive leukemia cells, including primary leukemia cells, were generally OPB-31121 sensitive both ex vivo and in vivo. It is intriguing that OPB-31121 did not cause growth inhibition of normal hematopoietic cells (Figures 5b, c, e and f) . In fact, the dose-limiting toxicity of this compound did not show hematological toxicity in phase I trial with a maximum dose of 800 mg/kg. 29 No hematological toxicity was observed in the toxicity study of this compound in monkeys (1000 mg/kg for 14 days, data not shown). Although the importance of STAT3 and STAT5 in various signals from cytokines such as erythropoietin, thrombopoietin and granulocyte-colony stimulating factor has been established, the dependence on STAT signaling will be lower in normal hematopoietic cells than in malignant cells.
Specific inhibitors of kinases aberrantly activated in tumor cells are powerful tools with high antitumor effects and less toxicity; however, cancer cells sometimes develop resistance in various ways. CML cells are reported to develop the resistance to ABL kinase inhibitor by a drug-resistant mutation in BCR-ABL, overexpression of BCR-ABL, 36 overexpression of Lyn as an alternative activator of STAT5 37 and STAT3 activation through an alternative signal from bone marrow stroma cells. 38 In FLT3/ITDpositive AML cells, resistance to FLT3 inhibitor was achieved by a drug-resistant mutation in FLT3, overexpression of FLT3 and autocrine Flt3 ligand stimulation. 32, 39 In JAK2 V617F-positive AML or polycythemia vera, specific JAK2 inhibition was overcome by alternative activation of other JFKs. 23 The mechanisms of drug resistance are various but many of them finally lead to the maintenance of STAT3/5 activation. This is probably because SAOpositive leukemia cells require the maintenance of STAT3/5 activation for drug-resistant survival; therefore, it is a reasonable strategy to overcome SAO inhibitor resistance by a STAT inhibitor. We showed examples of this strategy in the case of a drugresistant mutation in BCR-ABL and autocrine-induced FLT3 inhibitor resistance (Figures 4d and 5a-c) .
Taken together, we conclude that OPB-31121 holds promise as a non-myelosuppressive therapeutic agent against a wide range of hematopoietic malignancies, especially SAO-positive leukemia. As OPB-31121 showed strong antitumor effects also in a wide range of solid tumors (data not shown), two phase I studies have been performed on advanced solid tumors in Korea (NCT00955812) and for non-Hodgkin's lymphoma and multiple myeloma in Hong Kong (NCT00511082), and the results are awaited. A phase I/II study of hepatocellular carcinoma in Japan (NCT1406574) is ongoing.
CONFLICT OF INTEREST
TN received research funding from Otsuka Pharmaceutical Co., Ltd, Kyowa Hakko Kirin Co., Ltd., Wyeth and Chugai Pharmaceutical Co., Ltd. KS, YH, NH and NO are employees of Otsuka Pharmaceutical Co., Ltd., whose product was studied in this work. The other authors declare no conflict of interest.
